We propose a novel scenario for the formation and time evolution of dark matter balls composed of degenerate, self-gravitating q-neutrinos and antineutrinos. This model is based on the interplay of two competing processes : annihilation of the particle-antiparticle pairs via weak interaction and spherical (Bondi) accretion of these particles. Our model can account for the formation of dark matter balls, which could play a role similar to that of supermassive (D109 black holes in active galactic nuclei if the M _ ) neutrino mass is in the range 10È25 keV/c2.
INTRODUCTION
In spite of the vast amount of work undertaken to resolve the dark matter (DM) problem in the universe, it still remains a tantalizing issue (for a review see Raffelt 1995) . The standard argument for the existence of DM comes from the Ñat rotation curves of galaxies, where unseen matter constitutes up to 90% of the total dynamical mass of a galaxy. The same pattern emerges on larger scales, up to the cosmological scale, where standard big bang nucleosynthesis (BBN) predicts that the density of baryonic matter constitutes up to 10% of the density predicted by inÑationary scenarios, i.e., the critical density.
There are some alternatives to the existence of DM, such as departure from Newtonian dynamics at small accelerations or large scales see (Milgrom 1983 ) (Sanders 1990 ; also Broeils, & Kent 1987 ; Milgrom 1988 ; Begeman, Sanders This approach is commonly referred to as 1991). modiÐed Newtonian dynamics (MOND) (for a review see
In the framework of MOND, some obser Milgrom 1994) . vational facts related to DM in the dwarf and spiral galaxies and galaxy clusters were successfully explained without invoking the existence of DM (Milgrom 1994 . However, because there is no viable relativistic generalization of the latter approach & Nester (Zhytnikov 1994) , it cannot be applied on cosmological scales.
For completeness, we also mention a covariant alternative to general relativity (GR), a conformally invariant fourth-order theory which in the non- (Mannheim 1995) , relativistic regime leads to a linear gravitational potential in addition to the Newtonian 1/r term. This theory is capable of explaining some of the galactic and cluster DM problems. But at the same time, any modiÐcation of GR is not without debate (for details see & Sanders Bekenstein 1994 ). If we do not want to get involved in exotic physics, there are essentially only two major avenues of research in this Ðeld : one focuses on the search for baryonic DM hidden in the form of nonluminous objects, such as brown dwarfs, through the gravitational microlensing events ; the other focuses on the detection of DM of nonbaryonic origin, such as massive neutrinos, supersymmetric particles, axions, etc., which could serve as DM candidates. Currently, major directions of research are neutrino oscillation experiments, accelerator searches for the supersymmetric particles, and experiments searching for the galactic DM. There is no conceptual motivation needed for the existence of baryonic DM, since on the galactic scale, there might well exist a signiÐcant number of stars whose mass is not large enough to start thermonuclear reactions and that will radiate away little or no electromagnetic radiation. On the other hand, it is widely accepted that the light-element abundances in BBN strongly suggest the existence of nonbaryonic DM. For the sake of brevity, we shall not address this issue further in this paper, since there are many good reviews available (see, e.g., Raffelt 1995).
The most favorable candidates for nonbaryonic DM are massive neutrinos and neutralinos (supersymmetric partners of gauge and Higgs bosons). In the recent past, Holdom proposed the existence of so-called right-handed neutrino balls, which are based on the idea of spontaneous parity and charge-conjugation breakdown in a left-rightÈ symmetric theory
Concerning the astro-(Holdom 1987). physical implications of these "" trapped neutrino ÏÏ balls, & Malaney recently proposed that rightHoldom (1994) handed neutrino balls could explain the origin of the gamma-ray bursts. & Markin also developed Dolgov (1991) a model that implies that cosmic balls of trapped righthanded neutrinos may mimic the properties we observe in quasars.
As an alternative to neutrinos trapped by the vacuum properties of weak interaction, it is also possible to contain them with the gravitational interaction (Viollier 1994 ; Leimgruber, & Trautmann TrautViollier, 1992 ; Viollier, mann, & Tupper Such an object would be the analog 1993). of a neutron star or a white dwarf. The latter analogy (white dwarf) is not sufficiently precise because the particles responsible for the degeneracy pressure (electrons) are not the same as the particles that are the source of self-gravity (nucleons), whereas in the case of a neutron star the same particles (neutrons) are the source of both self-gravity and degeneracy pressure. Therefore, conceptually, neutrino balls and neutron stars are quite similarÈneutrino balls are composed of the heavy neutrinos supported by degeneracy pressure against self-gravity. We have discussed some of the possible observational signatures of neutrino balls in active galactic nuclei (AGNs) & Viollier More (Tsiklauri 1996) . recently, & Viollier showed how such neutrino Bilic (1997) balls could be formed via a Ðrst-order phase transition in a system of self-gravitating neutrinos in the presence of a large radiation density background, based on the ThomasFermi model at a Ðnite temperature. They Ðnd that, by cooling of a nondegenerate gas of massive neutrinos below a certain critical temperature, a condensed phase emerges, consisting of quasi-degenerate supermassive neutrino stars. These compact dark objects could play an important role in the structure formation in the universe, since they might in fact provide the seeds for the AGNs and quasi-stellar objects.
The purpose of the present paper is to develop an alternative scenario for the formation and time evolution of dark matter balls composed of self-gravitating, degenerate qneutrinos. Our approach takes into account the annihilation of particle-antiparticle pairs via weak interaction and spherical (Bondi) accretion of these particles. In we for-°2 mulate our model and derive the basic equations. In we°3 present the results of our calculations. In we summarize°4 our results.
MAIN CONSIDERATION
The basic equations that govern the structure of cold neutrino balls have been derived in a series of papers Viollier et al. & Viollier (Viollier 1994 ; , 1993 ; Tsiklauri Here we adopt the notations of & Viollier 1996) . Tsiklauri Degenerate self-gravitating heavy neutrino matter (1996) . can be described using the statistical method of Thomas & Fermi, in which the local Fermi energy is set equal to the local gravitational binding energy Viollier et (Viollier 1994 ; , 1993 :
where and are the neutrino mass and number density, m l n l respectively, g is the spin degeneracy factor, and ' is the gravitational potential of the neutrino matter.
In contrast to the recent paper by & Viollier Bilic (1997) , we neglect here the thermal motion of the neutrinos, i.e., we consider degenerate neutrino matter at zero temperature or at least with (T l \ 0),
We also make use of the Poisson equation for the gravitational potential :
It is evident that self-gravitating heavy neutrino matter can be alternatively described by the hydrostatic equations similar to those of a polytropic star. In particular, we have the equation of hydrostatic equilibrium,
and the polytropic equation of state,
where is the density and is the pressure of o l \ m l n l P l neutrino matter. However, we should note that equations and must be consistent with equations and (1) (2) (3) (4). This requirement speciÐes the polytropic index and n \ 3 2 a polytropic constant for degenerate neutrino matter & Viollier (Tsiklauri 1996) :
Following the standard theory of polytropic stars & (Cox Giuli we deÐne a dimensionless function h by writing 1968),
We now introduce another dimensionless variable
where the unit length is deÐned as r n r n \
Finally, we arrive at the well-known Lane-Emden equation :
with polytropic index which speciÐes the density n \ 3 2 , distribution of degenerate neutrino matter in the ball.
In the past, the process of annihilating q-neutrinos into light neutrinos and antineutrinos via ordinary weak interaction mediated by the Z0 boson was investigated (Viollier For simplicity, it was assumed that the annihilation 1994). process takes place only in the center of the ball. We now make further reÐnement and take into account the annihilations occurring throughout the ball.
For the annihilation rate we may use the following equation (Viollier 1994) :
where the dot denotes the derivative with respect to time and is the spin-averaged annihilation rate for Dirac Sp l½ vT neutrinos, i.e.,
Here stands for the weak coupling constant. In order to G F obtain the annihilation rate of neutrino matter within M 0 a (r) a sphere of radius r, we simply integrate equation (10), multiplying it Ðrst by 8nr2, thus arriving at
In the more convenient dimensionless notations introduced above, takes the following form :
Further, using
and introducing the function T (m) as
we arrive at
If we want to calculate the total annihilation rate throughout the volume of the neutrino ball, we require that m 4 and
Moreover, we need the value of 1968) equation (14). function T (m) at which is the dimensionless radius of m \ m 1 , the neutrino ball. This can be achieved by numerical calculation of the integral given by where h is the equation (13), density distribution as given by the Lane-Emden equation with polytropic index yielding Thus,
is Ðxed for a given mass of the neutrino. C 1 Next, we assume that the inÑowing neutrinos Ðll up the holes in the Fermi levels created by the annihilated neutrinos. Since in our model the neutrino balls are spherically symmetric and the ambient neutrinos do not have a collective momentum, it is reasonable to assume that the accretion process occurs in the form of the spherical, steady accretion on a pointlike central mass i.e., the neutrino ball. Then, based on our assumption and we may equation (14), write down the evolution equation for the change in mass of the ball as
Here we made use of the fact that the steady, spherically symmetric accretion rate, the Bondi accretion rate, is proportional to the square of the central mass (see, e.g., Frank, King, & Raine The coefficient is given by 1992).
Here and denote the density and sound speed,
respectively, of the ambient, nondegenerate neutrino matter at distances much larger than the accretion radius r acc \ and the polytropic index c is related to n in 2GM/c s 2(O), via c \ (n ] 1)/n. It is worthwhile mentioning equation (4) that since the neutrinos accreting on the neutrino ball are not degenerate the polytropic index and polytropic constant from their equation of state are not P l \ const o l c Ðxed. Therefore, the coefficient in our model is essen-C 2 tially a free parameter. Clearly, the numerical coefficient (the one containing c) in varies in the small equation (16) range 1È4.5 when c runs through the whole possible range between and c \ 1. The uncertainties in and c \ 5
It is important to note that di †ers by a equation (16) numerical factor a from the standard expression for the Bondi accretion rate. Introduction of this new factor is motivated by the following reasons : in our case, the standard Bondi accretion rate describes steady inÑow of the nondegenerate neutrinos. However, it is clear that not all neutrinos can Ðll the holes in the Fermi sea created by the annihilations, since after the infall from distances much larger than their energy will be much larger than the r acc , corresponding Fermi energy :
Only those infalling neutrinos will Ðll the holes whose kinetic energy is equal to the Fermi energy or smaller. Therefore, it is reasonable to introduce the a-parameter (a \ 1), which will take care of the uncertainty in the fraction of the neutrinos allowed to Ðll the holes in the Fermi sea. It is worth mentioning that this kind of parameterization is quite common in astrophysics. Take, for example, the g-parameter, the accretion efficiency, or the a-parameter from the a-viscosity law, well known in standard accretion disk-theory. At this point it is important to address the issue of dissipation of the energy in the medium of nondegenerate neutrinos. It is clear that there is no dissipation needed in the case of spherical accretion on a black hole because everything that falls through the horizon will be swallowed by the black hole. Indeed, another case of the Bondi accretion is onto a star with a hard surface. When the matter hits the surface, it heats up and emits radiation and thus dissipates energy. Here we deal with a physically di †erent situation in the case of nondegenerate neutrinos spherically accreting onto a seed ball composed of degenerate neutrinos. It is well known that without energy dissipation a nondegenerate physical system cannot become degenerate. Therefore, to eliminate this problem we propose the following mechanism : First, it is reasonable to assume that inÑowing nondegenerate neutrinos will have some admixture of baryonic matter, say ionized hydrogen. Since the baryonic matter is a medium with a nonzero viscosity, it is clear that during the accretion process its gravitational energy will be released through electromagnetic radiation. Therefore, the baryonic component of the accreting Ñow is capable of dissipating o † its gravitational energy. On the other hand, the massive neutrinos are gravitationally coupled to the baryonic matter. It is important to note that the neutrinos under consideration have masses comparable to the mass of the electron. Therefore, one should expect that maximal energy transfer or friction will be between the neutrinos and electrons rather than protons. The infalling neutrinos will overshoot and get out on the opposite side of the ball. So some kind of oscillatory motion will take place. Because of the gravitational coupling, after a number of oscillations, the neutrinos will transfer their energy to the electrons, which will be radiated away as electromagnetic radiation. Thus, the above-mentioned mechanism will presumably allow the accreting neutrinos to cool o † and be built into the neutrino ball. The actual numerical value of the a-parameter in depends on the fraction of the baryonic comequation (16) ponent in the spherical inÑow. The higher this fraction is, the closer to unity a is. However, the actual value of a is not essential, since is treated as a free parameter of our C 2 model anyway.
We would also like to point out yet another mechanism for slowing down the accreting neutrinos. The neutrinos interact via a static 1/r gravitational potential, which is quite similar to the static Coulomb potential responsible for the interaction between the charged particles in plasma.
et al.
have considered the problem of how Frank (1992) high-velocity infalling matter is incorporated into the material of an accreting star. The formulation of the problem is as follows : let a test particle (whose inÑuence on the ambient medium can be neglected) having mass m 1 , velocity U, and charge fall onto a plasma of number e 1 density n, temperature T , constituent particle mass and m 2 , charge Let us also assume that the test particle is fast e 2 . enough (supersonic) in a sense that 
where ln " stands for the Coulomb logarithm. The slowing down of accreting neutrinos by the seed ball composed of degenerate neutrinos is quite analogous to that of the above-mentioned test particle : (1) the velocities of the accreting neutrinos are much larger than the thermal velocities of the degenerate neutrinos from the seed ball since it is assumed that (2) the expression for T l > T Fermi ; t s contains squares of the charges, therefore it is not important whether the interaction force is attractive or repulsive (we mention here that there is only attractive [gravitational] force acting between neutrinos, whereas in the case of the test charged particle, both forces are acting) ; (3) the assumption that the slowed, accreting neutrinos do not a †ect the thermodynamical parameters of the background seed-ball neutrinos is also valid, since as we shall see below, our model can account for the buildup of the neutrino balls of mass D109 from the seed balls having initial masses in M _ the range D106È108 Therefore, accreted neutrino M _ . matter, which needs to get rid of its gravitational binding energy, is a small fraction of the matter inside the seed ball. Resuming the discussion above, we can rewrite the expression for the slowing-down timescale taking into account that in the case of neutrino accretion, instead of the electromagnetic force, we have the gravitational force acting. This is done by the following replacements : 1/(4nv 0 ) ] G, e 1 , Here stands for mass of a Ñuid element of the e 2 ] M l . M l accreting neutrino Ñow. Since the classical gravitational force is involved, the slowing-down process would be more efficient for "" bunches ÏÏ of neutrinos rather than for single neutrinos. Finally, we arrive at the following expression for the slowing-down timescale of neutrino inÑow :
where as the average number density of neutrino matter n6 l arranged in "" bunches ÏÏ and denotes ln " g 4 ln (b ' /b & ) the "" gravitational ÏÏ Coulomb logarithm. In the latter expression and stand for the maximal and minimal b '
b & impact parameters, respectively. In the above-mentioned example, with a charged test particle, is determined by b ' the Debye length. In other words, plasma can "" screen o † ÏÏ the Coulomb Ðeld within the sphere having a radius equal to the Debye length. However, it is essential to note that in our case, since there is no "" screening ÏÏ of the gravitational interaction, can be as large as the radius of a neutrino b ' ball. Thus, we conclude that the slowing-down time of (t s l) the infalling neutrino matter can be small enough on a cosmological scale. After these remarks, however, we would like to point out that the derivation of the standard Bondi accretion rate (see, e.g., et al. is based on the stationary Euler Frank 1992) equation without any dissipation term. Therefore, the application of the Bondi accretion rate to the spherically inÑow-ing neutrinos is physically justiÐed.
We continue our analysis by doing the integration of in quadrature, which yields equation (15) 
where is an arbitrary integration constant. A simple t 0 analysis of shows that, when we consider the equation (17) asymptotic limit t ] O, the mass of the neutrino ball tends to the asymptotic value
The numerical analysis of reveals that the equation (15) characteristic feature of its solution, M(t), reaches the asymptotic value given by very abruptly. This equation (18) is apparently caused by the logarithmic term in equation Therefore, in order to determine at what time instance (17). the jump in M(t) occurs, it is reasonable to assume that the jump takes place at time moment deÐned by t * ,
Substitution of in yields equation (19) equation (17) 
where we have introduced the quantity * 4 M(O)/M(t 0 ), i.e., the ratio of the asymptotic and initial masses of the neutrino ball.
If we want to explain the formation of a neutrino ball through spherical accretion of nondegenerate neutrinos, simultaneously taking into account their annihilation into light neutrino species, we must choose a set of physical parameters that ensures that the formation of the neutrino balls will occur within the lifetime of the universe ; i.e., t * should be less than roughly 10 Gyr.
NUMERICAL RESULTS
We now present our numerical results. So far we have not Ðxed the neutrino mass in our model. It is well known that in the standard model of cosmology (Kolb & Turner 1990 , neutrino masses in the range 90 eV ¹ 1991 ; Bo rner 1988) GeV are forbidden, since they would overclose the m l c2 ¹ 4 universe. However, & Turner have argued that Kolb (1991) this problem can be bypassed through (1) plasma reheating due to the gravitational collapse of the primordial neutrino density Ñuctuations prior to the recombination and (2) annihilation of the massive neutrinos into the light species. It was argued that a neutrino mass of 10 (Viollier 1994) keV could be consistent with astrokeV ¹ m l c2 ¹ 25 physical constraints. We shall also investigate the consequences of the present model in this neutrino mass range. It is widely accepted that the centers of the active galaxies harbor supermassive black holes (BHs). This idea is based on compelling theoretical arguments (Salpeter 1964 ; Lynden-Bell & Zeldovich 1964 ; 1969 , 1978 Lynden-Bell Rees However, so far there is no direct compelling 1971). evidence that the dark objects in the centers of the active galaxies are really BHs & Richstone Sug-(Kormendy 1995) . gestions that the dark objects are BHs are based only on indirect astrophysical arguments. (For a good review of the present status of this issue see & Richstone Kormendy It is also known that the masses of the dark objects 1995.) vary between D106 (such as, e.g., in the center of our M _ Galaxy) and D109
(such as, e.g., in the galaxy M87). It M _ was proposed in a series of papers Viollier et (Viollier 1994 ; that balls composed of massive self-1992, 1993) gravitating neutrinos supported by degeneracy pressure could play the role of these dark objects in the centers of the active galaxies. Moreover, a ball of a few times 109 M _ formed by the degenerate neutrinos with a mass in the range 10È25 keV/c2 has a radius that is almost the (Viollier 1994) same as the Schwarzschild radius of a BH corresponding to the same mass. Therefore, from the point of view of gas and/or star dynamics around such a ball, the latter would be indistinguishable from a BH of the same mass. Usually stellar dynamics and/or gasdynamics is used to constrain the central mass in the galaxy. However, it is worth mentioning that results from stellar dynamics are more robust than those of gasdynamics, since the latter can be a †ected by nongravitational e †ects such as magnetic Ðelds. In any event, with the present resolution, we can only observe the motion of gas clouds at 105 Schwarzschild radii (Kormendy & Richstone from a putative BH. Thus, it would be 1995) hard to distinguish between, say, a Schwarzschild BH with a mass of a few times 109 and a neutrino ball composed M _ of degenerate 10È25 keV/c2 neutrinos.
We now turn to the presentation of concrete examples based on our model. Since we have an analytical expression for M(t) given by
we can investigate what equation (17), happens with a seed ball composed of degenerate neutrinos as a function of time, while two competing processesÈ spherical accretion of neutrinos and their annihilation within the ballÈare in action. We proceed in two steps : Ðrst we Ðx the mass of the neutrino at 10 keV/c2 and 25 keV/c2, then we choose the asymptotic value of M(t), which we set
Using we then M _ . equation (20), require that the jump in M(t) happens within the age of the universe, i.e.,
Gyr. This allows us to determine post * \ 10 sible values for the initial seed-ball mass In M(t 0
). Figure 1 we plot log Gyr~1) versus using (t * log [M(t 0 )/109 M _ ] We gather from the graph that the allowed equation (20) . range for initial seed-ball mass varies between D103 M(t 0 ) and D107
for a ball composed of keV/c2 neu-M _ , m l \ 25 trinos, and between D106 and D108 for a ball com-M _ posed of keV/c2 neutrinos. m l \ 10 Here we remark that we set equal to D105 yr (10~4 t 0 Gyr), which is roughly the recombination time. There is no deep physical signiÐcance in the choice of this value of t 0 , since in this case our model allows the formation of the balls at times in the range 10~3 to 10 Gyr, which for (the ) 0 \ 1 critical density) and h~1 ] 109 yr (the Hubble H 0 1 \ 9.78 constant), where h \ 0.75, covers the whole range of redshift from z^287 to 0. Moreover, it is known (e.g., & Kormendy Richstone that quasars were overwhelmingly more 1995) numerous at z º 2. Therefore, since our ultimate goal is the interpretation of AGNs and quasar "" engines ÏÏ as balls composed of degenerate, self-gravitating q-neutrinos (as an alternative to the BHs), we gather that our model covers the whole interesting time span of the evolution of this universe.
Based on this knowledge, we also plot the evolution of a neutrino ball as a function of time. keV/c2 neutrinos, respectively. First, it is worthwhile mentioning how abruptly the asymptotic mass of the ball M(O) builds up. Second, such a sharp jump fully justiÐes our assumption given by about the time when the equation (19) ball acquires its Ðnal mass. Moreover, we see that with smaller initial seed-ball masses, the jump occurs at later stages. Therefore, there is a threshold value for after M(t 0 ) which the buildup of the mass happens at times larger than the age of the universe.
We see from the above consideration that our model allows the formation of the dark objects, i.e., neutrino balls with masses D109 composed of the degenerate neu-M _ trinos with masses in the range keV/c2 within m l \ 10È25 the age of the universe.
It is also instructive to examine the lower bound on the mass of the dark objects residing at the centers of the active galaxies, i.e., D106
In other words, we set out with the M _ . aim of Ðnding out whether it is possible, in the framework of our model, to account for the formation of the neutrino balls with the Ðnal mass D106 and composed of the M _ degenerate neutrinos having masses in the range m l \ 10È25 keV/c2. The answer is displayed in where Figure 4 , we again plot Gyr~1) versus but
We see from the graph that all M _ . possible values for corresponding to the are t * M(t 0 )-values larger than 10 Gyr. Therefore, we conclude that neutrinos within the mass range keV/c2 cannot form a m l \ 10È25 degenerate conÐguration with a mass D106 via the M _ spherical accretion mechanism within the age of the universe.
CONCLUSION
In the present study we have investigated the possibility of the formation of DM balls composed of self-gravitating neutrinos and antineutrinos supported by degeneracy pressure. Our model is based on the assumption that two competing physical processesÈannihilation of the particleantiparticle pairs via weak interaction and spherical (Bondi) accretion of the same particles from the surrounding spaceÈadequately describe the formation process. The results of our study are as follows : The initial seed ball composed of degenerate, self-gravitating neutrinos with masses within the range 10È25 keV/c2 can form DM objects (neutrino balls) with Ðnal masses of D109 within the M _ age of the universe. However, there is no possibility to form D106 neutrino balls via the same mechanism (for the M _ same range of the neutrino mass). This result is particularly interesting, since such a dark matter object with a mass D109
would have a radius slightly larger than the M _ corresponding Schwarzschild BH. Therefore, such a neutrino ball would be essentially indistinguishable from a supermassive BH.
In this paper we have used a Newtonian description for the neutrino balls. Of course this is an idealization. The work of incorporating general relativistic e †ects into the description of the degenerate, heavy neutrino matter is in progress & Viollier In the nonrelativistic limit (Bilic 1998). employed in this paper, the mass-radius relation for a neutrino ball is MR3 \ 91.869+6G~3m l 8g~2 (Viollier 1994 ). The intersection point of the latter curve with the BH line M \ (c2/2G)R deÐnes the "" simple-minded ÏÏ OppenheimerVolko † mass limit. For instance, for keV/c2 this m l \ 17.2 limit is M \ 1.01534 ] 1010 g~1@2 M _ (Viollier 1994) , which is larger than the mass of the neutrino balls (D109 considered in this paper. Thus we conclude that the M _ ) Newtonian description is justiÐed in this context. Finally, it is worth mentioning that in our numerical calculations presented in this paper, we have explored the case when the constant is such that the asymptotic mass of C 2 the ball is larger than the seed-ball mass, which essentially means that the accretion dominates annihilation. Of course, with the appropriate choice of it is possible to achieve C 2 , such a regime when the ballÏs mass shrinks. Moreover, we Ðnd that in the case when the accretion is not included in the model our results are fully consistent with the (C 2 \ 0), previous studies
We do not present here (Viollier 1994) . illustrations of these processes, since our aim was primarily to demonstrate the possibility of the formation of the balls composed of degenerate, self-gravitating q-neutrinos and anti-neutrinos in the framework of our model.
